Abstract. Straight vegetable oil (SVO) biofuel is a promising alternative to petroleum diesel fuel primarily due to its comparable physical properties to that of petroleum diesel fuel. However, the relatively higher viscosity of SVO limits its direct application in diesel engine. To resolve this issue, binary biofuel blends was introduced in this study to reduce the viscosity of SVO. In this work, a novel biofuel namely Melaleuca Cajuputi oil (MCO) was used and blended with refined palm oil (RPO). A total of four blends with the mixing ratios of 20%, 40%, 50% and 60% of MCO were prepared. Various key properties of dynamic viscosity, calorific value and density of the blends were measured and benchmarked against the biodiesel standards based on ASTM D6751. It was found that viscosity and density of the blends decreased with the increase of MCO fraction. Meanwhile, the calorific value of the blends increased linearly as the MCO fraction increased. The blend of 40RPO60MCO was found to have comparable key properties of viscosity, calorific value and density to those of petroleum diesel fuel and ASTM D6751 standard.
Introduction
Recently, straight vegetable oils (SVOs) are gaining popularity as an alternative fuel for diesel engine due to its similar physical properties to that of petroleum diesel fuel. In addition, SVO is renewable, non-toxic, biodegradable and contain no sulphur that make it as an attractive candidate to replace diesel fuel [1] . However, the direct use of SVO in diesel engine will lead to severe carbon deposit, fuel injector clog and rapid wears of fuel pump components. These issues are primarily associated with a high viscosity of SVO that dramatically alters fuel spray characteristics, atomization quality and volatility [2] .
There are several methods used to reduce the viscosity of SVO, such as micro-emulsion, preheat, blending, and transesterification. Among these different methods, the transesterification process is the most widely used to reduce the viscosity of SVO and convert triglycerides into fatty acid methyl ester (commonly known as biodiesel) and glycerol. Generally, the produced biodiesel has viscosity and other key properties close to petroleum diesel fuel [2] . However, this transesterification process involved with a complex yet expensive process where a specific equipment and instrumentation are required. Besides, the process also leads to a by-product formation of glycerol. This crude glycerol requires further expensive purification process to produce pure glycerol which has better value added product instead of crude glycerol [3] .
Blending of SVO with other lower viscosity fuel was also found to be an effective and economical method to reduce its viscosity. This strategy has been studied by many researchers [4] [5] [6] . Generally, it was reported that engine fuelled with this blended fuel has comparable performance characteristics to those of diesel fuel, but with some penalties in brake specific fuel consumption (BSFC). Most of the authors have concluded that this is mainly associated with the low calorific value (CV) of the blend, which resulted in the reduction of engine performance and increase in BSFC. Meanwhile, on the bright side, NOx emission was reported to be slightly lower compared to diesel fuel.
Alcohol is another ingredient that is often used by researchers for blending with vegetable oil. Short-chain alcohols like ethanol and methanol are often used in the earlier studies [7] [8] [9] [10] . These blends were found to reduce the viscosity and improve volatility of the vegetable oils, but the blends has limited miscibility [11] . Surfactant is required to be added into the blends to increase the miscibility and enhance the stability. Additionally, these alcohols have low cetane number and CV [12] . Thus, increase in the percentage of alcohol will lower the cetane number and CV of blended fuel. Recently, researchers have studied the blends of longer-chain alcohols like butanol and pentanol with SVO primarily due to their close properties to those of diesel fuel. Longer-chain alcohols has better CV, flash point, boiling point and cetane number as compared to short-chain alcohols. Moreover, Longer-chain alcohol is miscible with SVO thus, no additional surfactant is required to produce a stable blend [13] . Laza and Bereczky [14] analysed the properties of rapeseed oil (RSO) blended with higher alcohol (butanol and pentanol) at 10% and 20% by volume. They found that the viscosity, density, flash point, CV and cetane number of the blends were decreased as the percentage of alcohol increased. Viscosity of the blend also was found to be temperature dependent. Increase in temperature significantly decrease the viscosity. Another similar work is focussing with the blend of pongamia oil, ethanol and butanol and tested on diesel engine to analyse its performance and emissions [15] . It was reported that there was reduction in NOx but increased in CO and HC was observed. The blends also exhibit higher BSFC compared to diesel fuel.
Recently, a less viscous biofuel such as pine oil, eucalyptus and camphor oil has also gained interest among researchers. This is mainly due to their relatively low viscosity and high calorific value as compared to those of SVO. As shown in Table 1 is the key properties of these less viscous biofuels and benchmarked against the biodiesel standards based on ASTM D6751. It was reported that the blend of these biofuels either with diesel or biodiesel were able to reduce viscosity and enhance the CV of the blends [16] [17] [18] . Apparently, the viscosity, CV and density of the blended fuel are the key properties to be analysed carefully to ensure their compatibility as an engine fuel. Therefore, a novel less viscous biofuel namely Melaleuca Cajuputi oil (MCO) was first introduced in this study for blending with refined palm oil (RPO). In the present study, MCO was chosen largely due to its commercially available as well as its comparable properties to those of eucalyptus and camphor oil. In this research works, the main objective is to obtain the optimum blend of RPO and MCO through binary biofuel blend strategy. This strategy proposed of blending of high viscosity RPO with low viscosity MCO as a method to reduce the viscosity and enhance the volatility of the blend. 
Material
The test fuel of RPO used for the binary biofuel formulation was purchased from the local market meanwhile MCO was purchased from a private supplier. RPO is in liquid fraction at room temperature and have better cloud point as compared to crude palm oil. Besides, MCO has clear greenish liquid, low viscosity and highly volatile.
Blending preparation
Binary biofuels were prepared using RPO and MCO in volumetric percentage. Four blends at mixing ratios of 20% (80RPO20MC0), 40% (60RPO40MCO), 50% (50RPOMCO50) and 60% (40RPO60MCO) of MCO with RPO were prepared. All blends were prepared without emulsifier or surfactant. To ensure homogeneity, each blend of RPO-MCO was mixed thoroughly with a magnetic stirrer. The prepared samples were stored in glass bottle and kept at ambient temperature. The samples were monitored for phase separation for a month at a regular time interval.
Experimental
Dynamic viscosity of RPO, MCO and their blends were measured using Brookfield DV-III rheometer. Viscosity properties will determine the quality of fuel atomization, spray characteristic and volatility of the fuel. The measurement was performed at 40 0 C and the temperature was maintained by means of water bath. The viscosity was measured three times and the average value was obtained. The kinematic viscosity can be calculated by dividing the dynamic viscosity with the density of the blends.
Calorific values of the samples were determined using an adiabatic oxygen bomb calorimeter, Nenken 1013-B, Japan. This experiment was conducted according to ASTM D240 standard. CV is a measured of energy content in the fuel. Essentially, fuel with low CV will lead to the increase in BSFC of the engine.
The density of the fuel samples was determined by dividing the weight of the biofuel with the volume determined using 25 ml Gay-Lussac pycnometer. The measurement was taken at ambient temperature (~27 0 C). The pycnometer used is certified according to DIN ISO 3507.
Results and discussion

The Effect of MCO blend on viscosity
Fuel viscosity is the major parameter that determine the ability of fluid to flow, atomization, spray characteristics and volatility of the fuel. The dynamic viscosity of neat RPO, MCO and their blends were present in Table 2 . A total of four different biofuel blends, 80RPO20MCO (80%RPO, 20% MCO), 60RPO40MCO (60%RPO, 40% CMO), 50RPO50MCO (50% RPO, 50% MCO) and 40RPO60MCO (40% RPO, 60% MCO) were prepared and tested. Obviously, neat RPO has the highest viscosity as compared to neat MCO. Method of blending high viscosity oil with low viscosity oil significantly reduce the viscosity of RPO-MCO blend. Specifically, biofuel blend with highest MCO percentage (i.e. 40RPO60MCO) has remarkably reduced the viscosity down to 5.5 mPas. Besides, the experimental results also indicate that the higher the percentage of MCO in the blend, the lower the dynamic viscosity was observed. Thus, the proposed strategy of blending of less viscous biofuel with high viscosity RPO can effectively reduce the viscosity of the blend. The reduction in viscosity would enhance the volatility, thus enhance the spray characteristic of the fuel. Figure 1 present the correlation between dynamic viscosity with the MCO fraction. This correlation can be modelled by the mathematical relationship obtained from regression analysis of measured values, as given in Eq. (1). This relationship is in the form of exponential regression that best approximates all the measured data. Note that the obtained R 2 is 0.9986, which indicate a good fit between measured data and the regression model. Thus, Eq. (1) can be used to predict the viscosity of the blends.
Where v is dynamic viscosity and x is MCO fraction. 
The Effect of MCO blend on calorific value
Calorific values (CV) is an important parameter in the selection of a fuel. CV is the amount of heat released during the complete combustion of one gram of fuel. This value determines the chemical energy of the fuel which specify the combustion efficiency. Table 2 contains a description of the key properties of neat RPO, neat MCO and their blends. It can be observed that the CV of RPO was slightly lower compared to those of diesel fuel, but MCO interestingly has comparable CV to diesel fuel. As can be observed, the CV is directly increased as the percentage of MCO increased in the blends. Increase in CV is expected to improve the engine combustion efficiency, thus reduce the BSFC of the engine. Figure 2 present the correlation between CV with the MCO percentages. Mathematical model of the relationship is obtained in Eq. (2) . Linear trendline with R 2 value 0. 9928 is the best fit to describe the measured data pattern. Eq. (2) can be used to predict the CV of the blends.
Where CV is calorific value and x is MCO fraction. 
The Effect of MCO blend on density
Generally, fuel density are closely related to viscosity, CV and cetane number of the fuel [21] . Accordingly, any change in density will affect the performance of the engine. Data tabulated in Table 2 shows that the neat RPO has greater density compared to MCO and diesel fuel. Clearly, binary blend method of RPO-MCO decreases the density close to diesel fuel. Figure 3 present the correlation between density and the MCO fraction in the binary blends. Notably, the density of the blends linearly decreases with the increase of MCO in the blends. This relationship can be modelled by mathematical Eq. (3). The linear regression having R 2 value of 0.9966, which reflects a good fit of the line to the experimental data.
Where ρ is density and x is MCO fraction. 
Conclusions
The key properties of dynamic viscosity, CV and density of binary biofuel blends (RPO-MCO) were successfully analysed and benchmarked against the biodiesel standards based on ASTM D6751. In the present study, a total of three mathematical model were developed from the regression analysis of measured data to predict the dynamic viscosities, CVs and densities of RPO-MCO blends. Experimental data shows that viscosity of the blend was reduced with the increased of MCO percentage. Meanwhile, the CV of the blends was linearly increased as the percentage of MCO increased in the blends. Notably, the density of the blends linearly decreases with the increase of MCO in the blends. Analysis of these 3 key properties of the fuel suggested that the optimum blend of 40RPO60MCO was found comparable to diesel fuel. Therefore, binary biofuel blend of RPO-MCO can be considered as a potential biofuel to replace fossil diesel fuel. While this research project represents an initial step in the long-term goal of exploring a new biofuel source, more comprehensive analysis of other key physiochemical properties of the fuel blends will be required in the future. In this regard, more intense key properties of fuels will be measured to ensure the fuel blends can comply with the biodiesel standards based on ASTM D6751.
